e investigated the effects of low-intensity pulsed ultrasound on distraction osteogenesis in a rabbit model.
Limb-lengthening was originally described by Codivilla, 1 but it was not until the use of distraction by Ilizarov 2 that it achieved worldwide use. Failure, however, results in nonunion of the distracted site and prolonged further treatment. Several studies have attempted to resolve these problems, [3] [4] [5] including the use of axial dynamisation and transplantation of fresh autologous bone-marrow cells. According to some of these reports, mechanical stress may stimulate bone maturation. Webster et al 6 first reported the effects of ultrasound on protein synthesis in human fibroblasts in vitro. Subsequently, low-intensity pulsed ultrasound has been found to stimulate the healing of fractures in animal models [7] [8] [9] [10] [11] [12] and to accelerate the normal repair process in randomised, double-blind, controlled clinical trials involving fractures of the tibia and radius. 13, 14 Our aim in this study was to investigate the effects of low-intensity pulsed ultrasound on distraction osteogenesis in rabbits.
Materials and Methods
Animal models. We used 70 male immature Japanese white rabbits weighing about 2 kg. 15 Under sterile conditions and general anaesthesia with ketamine (20 mg/kg) and xylazine (1.5 mg/kg), a longitudinal incision was made on the medial aspect of the right tibia. The periosteum was incised longitudinally and carefully stripped with the surrounding soft tissue. Four screws were then inserted into the medial aspect, and a transverse osteotomy of the tibial diaphysis was made distal to the tibiofibular junction between the central two screws. Approximately 5 mm of segmental bone in the centre of the two central screws were removed to release tension after leg lengthening, followed by reduction of both bone fragments. The osteotomised leg was fixed with a unilateral dynamic external fixator (Orthofix M-100, Verona, Italy). All animals received conventional care, feeding, and ambulation. The legs of these animals were lengthened by one of two techniques, either normal distraction or fast distraction. Normal distraction. In 64 animals after a waiting period of seven days, the right leg was lengthened at a rate of 0.5 mm per 12 hours (1 mm/day) for ten days. From the day after the cessation of distraction (day 0), 32 rabbits underwent 20 minutes per day of stimulation by ultrasound. An ultrasound transducer was fitted onto the bone-lengthening site against the lateral side of the right tibia using coupling gel (Acousix; Conmed Corp, Utica, New York Mechanical testing. For mechanical testing, 30 animals were killed by the intravenous administration of a lethal dose of sodium pentobarbital on days 7, 14 or 21 after ceasing distraction. Specimens were prepared for mechanical testing by removing the soft tissues and external fixators from the tibiae, and storing them in gauze soaked in 0.9% saline solution at -20°C. The intact tibiae were prepared in the same fashion as the treated tibiae. Just before testing, the specimens were thawed at room temperature and both bone ends were embedded in cubed resin (OSTRON II; GC Dental Products, Aichi, Japan) which concealed the pin holes. The axis of the shaft of the bone was placed in line with that of the mechanical device (MZ-500s; Maruto, Tokyo, Japan). Specimens were tested under torsion conditions at a rate of 1.5 o /s with no axial loading. Maximal torque for the failure points was measured and torsional stiffness was calculated from the torque versus angular displacement curve. The ratios of maximal torque and torsional stiffness of the right tibia compared with the left intact tibia (%torque, %stiffness) were determined. Histological examination. After 16 animals in each group had been killed on days 7, 14 or 21, heparinised physiological saline was perfused through their femoral arteries, followed by perfusion with 4% paraformaldehyde solution.
The right tibiae were excised and immersed for further fixation in the same fixative. Fixed specimens were decalcified using a mixture of 22.5% formic acid and 10% sodium citrate. Paraffin-embedded specimens were sectioned at 5 m thickness parallel to the bone axis and stained with Toluidine Blue. Fast distraction. We performed further studies to investigate the effect of ultrasound on the tibiae which were fast distracted. This represented a distraction osteogenesis model in adverse conditions for bone maturation. In six animals from the day after the osteotomy, the right leg was lengthened at a rate of 1.5 mm per 12 hours (3 mm/day) for seven days. After distraction, half received ultrasound in the same manner as the normal distraction group. Serial radiographs were taken in each group for 42 days in order to analyse %area by the method described above. Statistical analysis. We compared %area, %BMD, %tor-que and %stiffness, except for the data obtained on day seven in mechanical testing, between the two groups using an unpaired Student t-test for each time point. The data on day seven in mechanical testing was analysed by Fisher's probability test.
Results
Normal distraction. The progression of radiographs and %area changes over the course of the study period in the two groups are shown in Figures 1 and 2 . The %area in the ultrasound group on day 10 was significantly greater than that of the control group (Student's t-test; p < 0.01). On days 14 and 17, significant differences were observed between the two groups (p < 0.0001, p < 0.01, respectively), but on day 21 the difference was not significant. The %BMD of the two groups was not significantly different on day 0 (ultrasound group 36.1 ± 1.8%; control group 38.2 ± 1.6%), while significant differences were seen on day 7 (ultrasound group 69.8 ± 4.9%; control group 47.4 ± 1.1%; p < 0.01) and day 14 (ultrasound group 77.0 ± 6.3%; control group 55.8 ± 6.6%). The two groups did not differ significantly on day 21 (ultrasound group 82.5 ± 5.7%; control group 69.4 ± 4.3%) (Fig. 3) .
In mechanical torsional testing, no ultimate failure points were found in the specimens of the control group on day 7, while four of the five in the ultrasound group had such points at that time. There was a significant difference between the two groups in this finding by Fisher's exact probability test (p < 0.01) ( Table I) . On day 14, %torque differed significantly between the two groups by Student's t-test. There was, however, no significant difference between the two groups on day 21 (Table II) . The %stiff-ness of the ultrasound group was also greater than that of the control group on days 14 and 21, although the difference did not reach statistical significance (Table II) . The ultrasound group exceeded intact bone strength on day 14 and maintained this level until day 21. The control group reached only the strength level of intact bone on day 21.
Histologically, endochondral bone formation in the distracted callus was observed in the two groups and there were no differences between the groups. No tissue damage attributable to ultrasound was observed (Fig. 4) . Fast distraction. Figure 5 shows the changes in %area during the experimental period for 42 days. Although the %area of the control group had reached approximately 50% on day 24, there was no further increase. The %area in the ultrasound group reached almost the same level as that of the US group with normal distraction on day 28. Analysis by Student's t-test at each time point showed significant differences from day 21 to the end of this experiment. Radiographs showing the changes in hard callus observed with normal distraction. In the ultrasound (US) (left) and control (right) groups, bone maturation progressed as shown: day 0 (a,e), day 7 (b,f), day 14 (c,g) and day 21 (d,h).
Fig. 2
The %area (mean ±SEM) of hard callus observed with normal distraction. On the day after cessation of distraction (day 0), treatment with ultrasound (US) was initiated in the US group (*p < 0.01; **p < 0.0001). Changes in %area (mean ±SEM) of the ultrasound and control groups with fast distraction (*p < 0.05, **p < 0.01). Correlation between %area and %torque in normal distraction. %Torque correlated signficantly with %area (r = 0.67; p = 0.0005). Bone strength was considered to follow essentially the same time course as that of %area. ) yielded minimal temperature changes when applied to the site of a bone fracture. Histological analysis in our study revealed endochondral formation of bone in the distracted callus in both groups and no tissue damage attributable to ultrasound in the ultrasound group. Application of lowintensity pulsed ultrasound (30 mW/cm 2 ) was considered to have little thermal effect and to produce stable cavitation and streaming, according to our histological observations.
With usual distraction, we showed that the %area, %BMD, %torque and %stiffness of the ultrasound group were greater than those of the control group at each time point. The %area of the ultrasound group was significantly greater than that of the control group on day 10 (p < 0.01), day 14 (p < 0.0001) and day 17 (p < 0.01). The difference between the two groups, however, was not significant on day 21. The %BMD of the ultrasound group was significantly greater than that of the control group on day 7 (p < 0.01) and day 14 (p < 0.05). The %BMD of both groups was essentially unchanged on day 21. This process followed nearly the same course as that of %area. These findings suggest that ultrasound resulted in mineralisation of the callus in the early stages of the process of bone maturation. In mechanical testing, we observed that the values in the ultrasound group were ahead of those of the control group by approximately one week. The final values of the four parameters did not differ significantly between the two groups. Taken together these data suggest that ultrasound may be capable of advancing the endpoint of distraction osteogenesis.
With fast distraction, the %area of the ultrasound group was significantly greater than that of the control group on day 21 (p < 0.05). The %area of the control group ultimately reached approximately 50%, and that of the ultrasound group approximately 80%. %torque and %area were found to be correlated in normal distraction (linear regression analysis: r = 0.67; p = 0.0005; Fig. 6 ). We assumed that %torque and %area also correlated in fast distraction. Therefore the bone strength of the ultrasound group was considered to be significantly higher than that of the control group. Normal bone maturation was not achieved in the control group, while the US group showed excellent maturation. We demonstrated that treatment with ultrasound was highly effective in achieving maturation of bone of distracted callus even under the most adverse conditions. 19 showed that the use of an active ultrasound device accelerated the healing of fractures, substantially mitigated the delayed healing effects of smoking, promoted a return to normal activity, and reduced the incidence of delayed union. Their results are consistent with our study using fast distraction.
We have shown that ultrasound promotes bone maturation in distraction osteogenesis even under adverse conditions. Further study is needed to determine whether this positive finding in normal rabbit bones occurs also in human bones.
One or more of the authors have received or will receive benefits for personal or professional use from a commercial party related directly or indirectly to the subject of this article. Benefits have been or will be received but are directed solely to a research fund, foundation, educational institution, or other non-profit institution with which one or more of the authors is associated.
